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The attenuation of ultrasonic waves travelling through 
a liquid containing a suspension of solids is highly 
dependent on frequency. At low frequencies, where the 
wavelength is long c ompared to the particle size, the 
particles move with the wave with some phase lag which 
gives rise to a loss component . At high frequencies , 
where the wavelength can be made comparable to, and 
ultimately less than the particle diameter , there is 
still some movement but most of the energy is lost to 
the wave by scattering. 
In this work, is attenuation used to characterize the 
suspension, and is treated in terms of these two 
components . Absorption which is the conversion of 
energy into heat and scattering from the actual 
particles. The former is expressed as loss C dB) per 
wavelength and increases with frequency, whil~ the 
latter, in the short wavelength scattering zone simply 
obstucts the wave. 
This work is directed at examining the feasibility of 
using ultrasonics to determine the concentration of 
relatively large C 0. 7mm) resin particles in slurry 
where the rock particle size is 0 . 02mm or less. Thus 
the attenuation per wavelength in slurry is expected 
to change slowly with frequency whereas the scattering 
from the resin will be small at say 100 kHz<~= 15mm) 
and large at 2 MHz < ~ = 0. 75mm) . Initial work was 
carried out on resin alone and this established the 
strong wavelength-dependent phenomenon. 
Extensive work was then carried out on slurries up to 
the density limit used (600 kg / m3 ) An array of 
transducers covering a wide frequency range was 
mounted to enable each to transmit across the 
suspension receive a return reflected signal, the 
amplitude of which could be measured and transferred 
to a computer. Electronic design and computer control 
gave a system allowing a wide frequency diversity 
together with signal averaging and analysis . The 
vigorous stirring required to maintain the suspension 
results in rapid fluctuations in attenuation. The 
characteristics of the fluctuations were dependent on 
stirring rate but the attenuation level was dependent 





Technological develo p ements we re: 
a) A wide band receiver and pulse detector whi ch 
b ) 
is common t o all frequencies. 
A frequency diversity 
between t h e frequencies at 
carrie d out. 
e nabl ed switc hin g 
a 2 kHz rate to be 
cl Spectrum analysis of signal flu ct u ations up to 
a few hund re d Hertz. 
d l By u si n g 
trans du ce r 
spectrum. 
over tone 
c an give 
frequen c ies, 
a limit e d 
a s in g l e 
attenuation 
Phenomena o bser ve d , some 
understood are : 
of which are well known and 
al The linear dependen ce of attenuation on slurry 
density . 







c) The long and short term attenuation changes 
which occur when initially dry rock powder 
becomes saturated with water . 
d) A frequency dependent attenuation 
consistent with Raylei g h's law. 
in resin 
el A lar g e 
settlement 
gradient. 
si g nal fluctuation observed during 
indicated a verticle velocity 
This suggests that the ultrasonic 
wave ve locit y is densit y dependent . 
f) When resin is present in dense slurries, 
effects were observed which indi c ate that the 
resultant attenuation is not simply the sum of 
the seperate attenuations . 
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CH APTER ONE 
INTROD UCTION 
Ultrasonic freq u encies in the megahertz region can be 
used for the classificati o n of suspensions of slurry 
and resin particles i n water . T h is is of interest i n 
the RIP ( resin i n pulp) gold ext r action process and 
t h is p r oject a im s a t d eve l o p i n g a n inst um e n t t o ai d 
meas u re me n t a nd co n t r ol of t hi s p rocess. 
The sl ur r y is ob tain ed fro m t h e Rand Mine P r oj e cts 
( RM Pl in Jo h a nnesbu rg , So u t h Af ri ca and mainl y 
co n si s t s of quar t z . T he slu r r y has a lar ge prop o rtion 
of the g old extra c t e d from it' but due t o the 
in e f f icient pro c esses in t he p a st, a g old c ontent of 1 
g ram of go ld per ton o f slurr y is present. It is 
presentl y economic to extra c t the remainin g go ld. This 
can be achieved usin g an acti v ated charcoal method 
< CI P - c arbon in pulp ) or the RIP process which forms 
the ba s i s o f th i s wo rk . 
The go ld be ar in g s lur ry p ar ti c les from min e dumps ar e 
t y p i ca l l y 2 0 microns in diam e ter . In the RIP process, 
the parti c les 
silos , each 3 0m 
are washed into the 
hi g h and 10m in 
first of six large 
diameter . Cy anide is 
added t o diss o l v e t he go ld , subsequ e ntl ,y an ion 
exchan g e pr oc ess oc c urs c ausin g the g old to adhere to 
the resin The 
the 
slurry is 












in the sixth silo 
with pure resin to therefore 
achieve the most effici e nt extraction possible . The 
1 . 1 
,, 
"· 
gold bearing resin particles are removed from the 
slurry and sent for s melti n g to extract the gol d . The 
process control is aided by a knowledge of the slurry 
and resin particle concentrations in each silo . This 





t h ese two media separately, and 
then combini n g results to obtai n a meth od of 
characterizing a mixed suspe n sio n . 
Ultrasonic to n e bursts are launched into the medium by 
a transducer operat in g in transmit / r eceive mod e. The 
burst ec h o from a s uitable reflector is processed 
usin g electonics de ve loped for this work. The two main 
phenomena apparent were the attenuation of the signal 
and its fluctuation about the mean . Both phenomena are 
dependent on the frequency of the tone in each burst, 
giving three parameters from which the suspension may 
be classified, namely: 
- attenuation 
- fluctuation 
- frequen cy 
Only two paramet ers are necessar y, and the effects of 
the suspension determine which should be used. The 
degree of attenuation is a fun c tion of the scattering 
and absorption of 
the 
the propagating wave by the 
particles in medium . Chapter two discusses the 
expected effects for a single particle and extends the 
analysis to many randomly distributed particles . The 
wavelength dependence of scattering and absorption is 
characterized by the Ra y leigh and geometric regions. 
Rayleigh scattering occurs when the wavelength is 
larger than the particle and geometric scattering when 
it is smaller than the particle . 
- 1 . 2 
" ,, 
A dual frequency s ys tem was chosen with frequencies of 
1 and 3 MHz , giving wavelengths in water that enclose 
the nominal resin particle diameter of 0. 7mm. Good 
scattering discrimination ca n be achieved by a 







h omogeneo us 
ne g ligible 




These attenuation ct ue to absorption. 
different frequency depend ent effects of the slurry 
and resin media are the basis for the characterization 
of the suspension. 
High attenuation of the 3 MHz signal makes the above 
technique impractical 1n dense s us pens i ans 
Experimental evidence showed the fluctuation of the 
be reflected signal amplitude about its mean to 
different for slurry and resin . This is considered a 
suitable characterizing parameter for the suspension. 
The measurement system evolved to its present form as 
a result of the information gained in earlier trials. 
The system comprises a tone burst echo system wherein 
a single transducer is driven alternately with tone 
bursts at the two chosen frequencies. The path through 
the suspension is the same for both channels, 
therefore improving on the accuracy of comparisons 
made with the multi - transducer system. The latter 
relies on the statistical average of the suspension 
along each path being constant. 







fully in chapter five. 
from the previous 
multi-transducer system are discussed in chapter six. 
- 1 . 3 -
CHAPTER TWO 
ULTRASONIC WAYE PROPAGATION IN RANDOM MEDIA 
2. 1 Acoustic scattering and absorption of particles 
in suspensions 
The characterization of slurries and other suspensions 
is to be achieved by analysis of the effects of the 
suspension on ultrasonic waves. These effects, based 
on attenuation, scattering and velocity changes have 
been recorded by man y authors 1 ' 2 • 3 and are similar for 
acoustic, optic, radio and micro waves . Firstly the 
case of a plane wave impinging on a single particle 
will be considered, and this will be extended to 
include many randomly distributed particles in a 
measurement cell. 
The ultrasonic wave travelling through the random 
medium, on encountering a particle is both scattered 
and absorbed . Absorption is due to viscosity' and is 
the result of frictional losses caused b y the particle 
v ibrating with a 
than the medium. 
lower amplitude and different phase 
Scattering is the reflection of the 
wa v e from the particle, considered as a fixed 
inhomogenit y , and together with absorption result in a 
p o wer loss from the 
a r e anal y sed in terms 
the pa rticle , which 
co ntrolling parameter. 
propagating wa v e . These effects 
of the cross sectional area of 
is c onsidered to be the main 
- 2 . 1 
The relevant cross - sections are: 
<Yg - The geometric cross-section of the particle 
o-, - The effective scattering cross-section 
a-. - The effective absorption cross-section 
o-, and o-. are directly related to the scattering and 
absorption of the incoming wave. These two phenomena 
are dependent on the size, shape (and hence 
orientation) of the particle . For the purpose of this 
work, the shape is known to have negligible effect, 
and particles are therefore regarded as simply 
analysable regular spheres . The mean scattering 
reflection coefficient C p) expresses the ratio of the 
reflected and incident wa v e amplitudes, and will be a 
different constant for each different type of 
scatterer. The power of the wave is proportional to 
its amplitude squared , giving the reflected power as a 
function of P 2 . In these experiments as far as 
possible , particles of uniform size were used and pis 
therefore taken as constant. The suspensions contained 
either resin particles with a nominal diameter of 
0 . 7mm or a quartz s l urr y 20 mi crons in size. 
The s i ze of the parti cle has the dominant effect, and 
gi ve s rise to two principal types of scattering, 
dependent on the wa velength C 11 ) of the incident wave 9 • 
These are c haracteri ze d as follows C see FIG 2. 2) 
Rayleigh scattering 
Geometric scat te rin g 
>. > > d ( part i c 1 e di a meter J 
}\ < < d 
The pr oportio n of s c attered and 
particle 1s a function of the 
2 . 2 
absorbed power from a 
effe c ti v e cr o ss - section 
of the particle . It has been shown 1 that o-, and o- . are 
related to wavelength. 
> > d, is inversely proportional to the When 
fourth power of the wavelength, and proportional to 
the square of the volume of the scatterer. Increasing 
the wavelength therefore causes a marked decrease in 
signal strength . O'a 
to the wavelength 
however is inversely proportional 
and directly proportional to the 
scatterer's volume . The energy absorbed per wavelength 
is constant, and a doubling in frequency would double 
the energy absorbed per unit time. 
So called resonance scattering occurs when the 
same order of magnitude as the parti c l e s are of the 
wa v elen g th , and is also referred to as stochastic 
s c atter i ng . 
dependence . 
This reg ion has a square power frequency 
When i << d, geometric scattering takes pla ce with 0- 1 
and O'a approximatel y equal to o- 9 . The scattering and 
absorption is independent of wa v elength in this 
regi o n . 
T hese phenomena indicate that the ke y to suspension 
characterization is a mul ti-frequ ency technique , 
the Rayleigh utilizing 
effects . The signal remo v ed 
and geo metr ic scattering 
from t he plane wa v e is 
pr o por tional to the sum of a-. and o- .. , kn o wn as the 
total effective cross-sectio n of the particle : 
In the region ). < < ct, 
resulting power l o ss 
cr t approach es twi c e <r 9 • The 
fro m the wave ( proportional 
2. J 
to o-p 2 ) is twice that expected . A measure of 
attenuation by the particle can be obtained with t h e 
knowledge of 0-1 . The cross-sections for 0-1 and o-. are 
illustrated in FIG. 2 . 1, and have been normalized to 
<7 9 • o-., is not included for reasons of clarity, but can 
easily be calculated as the difference between 0-1 and 
The normalized curve therefore also 
represents the energy scattering characteristics of 
the Rayleigh, stochastic and geometric regions. 
2 
1 
FIG. 2 . 1 
A B size/X 
The normalized cross-sectional areas of a 
s catte rer as a function of the wavelength of 
an incident plane wave. The region below 
point A is where Rayleigh scattering, which 
is proportional to C 1/\) 4 occurs . At point 
A, the particle diameter is equivalent to 
the wavelength and the resonant peak is 
ob served . Decreasing X to point B is 
accompanied by decreased scattering. 
this point, the geometric region 
scatte rin g largely independent of 




The calculations of o-, and o-A are similar to those for 
electromagnetic waves, but the formulae for scattering 
vary slightly. An electromagnetic wave consists of 
t rans ve rse electric and magnetic wa v es, and extends 
- 2. 4 
across the range fr o m ultra-violet to microwaves. 
Hie' s formulae were developed for the scatterer being 
a dielectric or a conductor. The dielectric is 
characterized by a uniform electrostatic field across 
it, where as in the conductor the field is restricted 
to the outer layer and is kn o wn as the skin effect . 
Eddy currents set up in the conductor cause scattering 
in all directions 
from the impinging 
and result in a greater power loss 
wave than occurs with a dielectric . 
Ultrasonic waves are comparable to the dielectric case 
of electromagnetic waves with a pressure variation 
replacing the electric field . 
2. 2 Scattering of randomly distributed particles 
The scattering effect of a single particle leads to 
the solution for the scattering of many particles in a 
random distribution. When the particles ace 
sufficiently seperated, allowing each one's scattering 
effect to be analysed without reference to the others, 
then independent scattering occurs . The seperation 
required for independent scattering is three times the 
radius of the particle 2 . E ve n with this seperation, 
interference ma y be evident because of the phase 
relation of the scattered waves. Independent 
scattering assumes 
the principle of 
d e tecmine the total 
these phases to be uncelated, and 
superposition can be applied to 
signal p o wer scattered from the 
effects will average out for particles. Any phas e 
these candom s ignals . 
When the number densit y of 
the ultrasonic wa v e is high, 
take place . Th is occ urs 
- 2 . 5 
scatterers encountered by 
multiple scattering will 
when a scattered wa ve 
encounters inhomogenities resulting in further 
scattering of the wave ( FIG. 2. 2l, an effect for wh ich 










First order scattering and 
Multiple scattering of ultrasonic waves 
off several particles, illustrating both 
the increase in the signal reaching the 
transducer and particle screening. 
Multiple scattering increases as the particle number 
wave penetrates density and the depth to which the 
increase . A simple but conclusive test for multiple 




of scatterers , 
with 
then 
the increase in the 
negligible multiple 
scattering occurs and the particles can be regarded as 
independent scatterers . This was the case with the 
resin and slurr y compositions used experimentall y. 
The part of the suspension to be measured l s 
contained in the measurement cell, the volu me of which 
is determined by the beamwidth of the propagating wave 
and the time slot over which measurements are mad e . 
- 2 . 6 
- ~-. -
t • • • 
. . 
... j,----1m ----....."i· 1 m }-
-it 2-------- 2 t O --------------. 
FIG . 2 . 3 A typical measur-ement cell and associated 
backscattered wave . 
The spreading of the beamwidth is neglected and is 
taken as constant regardless of the cell's position in 
the suspension . The diagram illustrates a cell 1m from 
the tr:-ansducer and 100mm long. The time for 
to reach the cell is: 
the wave 
to = distance/velocity of sound in water 
= 1m/ 148 0 ms - 1 
= 676 µs 
The time to traverse the cell is: 
ti = 0. 1m/ 1480ms-1 
= 6 7. 6 µs 
The pulse bur-st duration is given as t2. The par:-t of 
the oscillogram r:-epresenting the cell is 2to from 
the beginning of the trace with a length of 2t1 + t2. 
The part icle number densit y is an important factor in 
deter-mining t he scattering and absor:-ption of a wa ve 
pr:-opagating through the medium. Three distinct 
catego ,1es exist that ~an be summarized as follows : 
- 2 . 7 -
2. 3 
Th e 
Single s c atterin g a nd ab so rp t i o n 
this is the fundamental case, which is 
dependent on the effective cross-sections 
o-, and o-. o f the particle, a nd the 
of the impingin g wave . 
power 
Independent scattering and absorption 
this is the relevant category for this 
work. Each particle is considered 
seperatel y as in single scattering and 
absorption, and then the results are 
superimposed to obtain the total effect. 
Scattering and absorption are linearly 
related to density. 
Multiple scattering and absorption 
T h e 
- occurs when the particles are less than 
three times their radii apart. A complex 
integral solution is necessary to define 
the wave pattern . 
p ropagation of wa v e s through rand o mly 
dis p er sed parti c l e s in suspension 
p r o p ag a tio n of ultrasonic wa v es through b o th 
ho mogen e o u s and inhomo g eneous media has been the 
subject o f mu c h res e ar c h 4 ' 5 ' 6 . The main two quantitie s 
characterizi n g t his pr o pa g ation are sound v elocit y and 
the atten uati o n c o efficient , which are dependen t o n 
p h eno mena t ak i n g place at the surface of the particles 
i n t h e fl ui d . 
When the s i z e o f the particles 
smaller t h a n the wa v elen g th, 
- 2. 8 -
in suspensi o n is mu c h 
th e n the me d ium 1 s 
regarded as homogeneous~. Signal power will be 
absorbed and scattering will be negligibly small. This 
is because the small particles have low inertia and 
consequently vibrate with the suspending medium, 
which maintains the 
increase in particle 
characteristics 
concentration 




viscosity and density of the fluid and will increase 
the absorption of the ultrasonic signal but decrease 
its velocity through the medium. In non-homogeneous 
media, the sound velocity and attenuation are affected 
similarly to that in homogeneous media although 
scattering will now be present . In both ~edia, the 
attenuation coefficient is the more sensitive 
quantity. 
The attenuation of all signals- optic, acoustic and 
radio, travelling through a medium suffer an 
exponential loss of energy due to a variety of 
mechanisms. The fractional amplitude loss can be 
expressed as : 
dA / A = -kx 
intergrating gives: 
A, = Aa exp ( -kx l 
The attenuation a. expressed in the normal 
decibels per unit distance is shown as : 
dB 20 log l Aa/ A.l = a . x 
fo rm of 
Alternate expressions used include a ( A) , the 
attenuation per wa v elength wi t h : 
2 . 9 
The attenuation 
loss angle . For 
stress, strain 
a( A) is proportional to the energy 
many simple sources 
and hysteresis it 
of loss such as 
is independent of 
frequency. In investigations performed in this work, 
by expressing attenuation 
subtle forms of loss such 
identified. 
in this manner, the more 
as scattering are readily 
Assumptions have been made concerning the impinging 
wave and the particles in suspension. In practice, the 
wave is not a perfect plane, and similarly, the 
particles are not perfect spheres. Chivers 6 states 
that the interpretation of acoustical measurements in 
inhomogeneous media can essentially only be answered 
numericall y for the experimental situation under 
consideration . This work is essentially experimental 
in nature and is speciffically concerned with the 
classification of slurry and resin particle 
suspensions based on the results obtained from the 
measurement system. 
The use of a reference signal in water eliminates any 
wa v e shape or spreadin g effects in the near and far 
fields , and ensures that any change in signal is due 
to the suspension alone. The attenuation of slurry is 
far greater than that of water , so the reference 
waveform is taken to represent zero attenuation o f the 
signal . The experimental system and analysis 
techniques used ar e discussed in chapte r 4 . 
c.. 'I 0 
CHAPTER THREE 
ULTRASONIC TRANSDUCERS 
3. 1 The characteristics of ultrasonic transducers 
An ultrasonic transducer is a device used to convert 
electrical energy into an acoustic wave and acoustic 
energy into an 
is universal at 
electrical signal. The electric effect 
the frequencies used in this work. A 
lead zirconate titanate ( PZT ) transducer in the form 
piston at of a disk approximates to a vibrating 
frequencies determined b y its thickness. These are the 
planar , thickness resonant mode s and the transducer is 
driven at one of these frequencies. It can be modelled 
electricall y at resonance, as seen in FIG 3. 1 below. 
FIG. 3. 1 
L 
Ro C o C Lr 
r '" 
re 
The equivalent circuit of an ultrasonic 
transducer , operating as a vibrating piston 
a t its fundamental thickness mode resonance. 
C, bulk capaci.tance 
Ra leakage resistance 
L, C - mechani cal resonan t components 
r , - radiation resistance 
r~ - mechanical or mounting resistance 
Lr tuni.n g inductance 
3 'I 
For best performance , the ratio r ,/ r. should be a 
maximum. Low r also improves the efficiency of the 
transducer, raises its Q and narrows its bandwidth. 
The ratio C/C o 
efficiency of 
is a measure of the energy conversion 
the material. This favours PZT rather 
than quartz for ultrasonic transducers. 
The acoustic field of an ultrasonic transducer is 
divided into two regions, the near and far fields . 
The acoustic pressure magnitude in these regions can 
be determined using Huygen' s principle. This assumes 
each point 
The sum of 
in a wave to be the source of a new wave . 
all these wavelets describes the pressure 
contours created b y the transducer. Interference is 
extensive within the near field, which is known as the 
Fresnel diffraction region . The field is 
c hara cterized by spreading and is 
far 
the Fraunhofer 
re gion 7 • Disk-shaped transducers vibrating with simple 
harmoni c motion have the approximate field boundaries 
illustrated in FIG . 3. 2 . 
FIG . 3. 2 
Ze manek 7 
acousttc 
- - -
near field far field 
The field b oundaries of an ultras o ni c 
transducer . Assumin g the face vibrates as a 
pis to n , the field converges sli g htl y C near 
field ) then di v erges to give a conventional 
beam spreading pattern in the far field. 
g1 ve s a more a cc urate description of the 
field, and establis hes its dependence on the 
3. 2 
relative transducer radius ( a l and the wavelength < 11) . 
The on-axis acoustic pressure magnitude in the near 
field for a transducer with a ratio a / A = 5 is Shown 
in FIG 3. 3. The complex nature of the interference 
patterns is clearly seen, as is the beginning of the 
spreading region . The larger the radius to 
ratio, the more complex the field pattern . 
wavelength 
FIG. 3. 3 The o n-axis acoustic 
a transducer with 
pressure 
a / 11 = 5, 
complex near field waveforms 
of the spreading re gion . 
magnitude for 
showing the 
and the start 
The far field begi ns at a distance 
from the transducer. At this point 
Z = 0.75(a 2 l/A 
the beam has its 
minimum diameter or "spot siz e". FIG 3 . 4 & 3. 5 sketch 
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FIG . 3. 4 al The acoustic pressure 
ma gnit ude of a 





3 . 5 
pressure 
a / "=2 .5. 
transducer 
Distance 
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acoustic pressure and b l on-axis 
ma gnitude of a transducer having 
exa c t interpretation of results obtained in the 
field is mat he mat i ca 11 :1 complex . For sonar 
appL1cat1ons o n ly the far E'1eLLi is relevant but E'or 
J. 4 
attenuation and velocity measurements, the near field 
is generally used. Measured signal strength cha,nges 
with distance due to attenuation and diffraction 
effects . For the highly attenuating media investigated 
the diffraction effects are held constant by using a 
fixed path system. All signal strengths are referred 
to water where the attenuation is relatively small. 
The 
the 
beamwidth of a transducer is needed to calibrate 
measurement Cell. FIG 3. 6 gives a linear 
c omparison of two different ultrasonic transducers, 
and illustrates the beamwidth dependence on frequency . 
This is strictly only true in the far field where 
spreading occurs, the near field being approximated by 
a cylinder with its radius equal to that of the 
ultrasonic, disk shaped transducer. 
15 
fIG. 3. 6 
5 5 15 
a 
Farfield acoustic beam 




5. 6 2 
for a / ). 
Pressure s i de lobes exist but are of the order of 20dB 
less than the main beam magnitude . The hi g h er 
frequency transduce r has a narrower beamwidth . 
- 3. 5 
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in measurement systems 
Lead zirconate 
used to 
titanate C PZTl, disk shaped transducers 
are launch ultrasonic waves into the 
suspension under test. They 
typically have a quality 
giving a 5% 3dB bandwidth. 
are thickness resonant and 
factor Q of 20 in water 
Each transducer should be 
electrically tuned to its 
for efficient operation . 
of a parallel inductor. 
natural mechanical resonance 
This is usually done by means 
Transducers in the low megahertz range were mounted on 
bubble PVC using araldite. Properties of the 
ba cki ng materials that influence the damping and 
sensiti v ity of the transducer are its acoustic 
impedance and attenuation. This backing provides a low 
acoustic impedance relative to water which minimizes 
the radiation lost from the back of the transducer . In 
addi t i o n it is of advantage if the backing is highl y 
attenuative to absorb all backward transmitted energy 
in a short distance 8 • 
The tuning requirements for the backed transducers 
should be det ermined from their resonant frequency and 
a dmitt ance characteristics. 
were employe d : 
Two measuring techniques 
i ) The transducer was connected in series with a 
resistor an d driven with a pulse burst C FIG 3.7>. The 
frequency is adjusted until a large signal is obtained 
a c ross the 
associated 
the burst . 
resistor , indicating the low impedance 
with the transducer at resonance . During 
the transducer stores energy and the output 
3. 6 
across the resistor is distorted . On completion of the 
burst, an initially large mono-tonic signal decays 
exponentially while the stored energy is dissipated. 
This decrement signal is at the transducer· s resonant 
frequency and also gives a value for Q, calculated as: 
Q = rrn /( lnC Ao/Anll 
where n is the number of c ye 1 es 
At) is the amplitude of the first cycle 
An is the amplitude of the second cycle 
Ao12J An 
transducer \ J J) ) 
~ 
fIG. 3. 7 The circuit for determining Q and resonance 
of an ultrasonic transducer from its pulse 
burst response. 
The bulk capacitance of the transducer should be 
frequency independent and possible to measure without 
interference from the mechanical resonance. The 
tabulated capacitance values bel o w were measured on a 
digital impedance meter at 'I KHz. These results 
enabled the tuning Lnductance to be calculate d as: 
Lr= 1 / C2rr f ., l 1 C o Henr1es 
Experimentally these calculated inductors proved to be 
inexact . It was found that the best tuning was 
obtained when the electric resonan ce was tuned to the 
second or third harmonLc of the mech anical res on an ce . 
J. 7 
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Th e p a rame t ers of the ultrasonic transducers 
i ncl ud e it s: 
and wh e ce 
me c hanical resonance - f o 
radius 
bulk capaci t ance - C o 
c al cu l ated inductance - Lr 
a p p l ic a bl e, t he experiment a 11 y 
dete r mined tuni n g i nd uctan c e required. 
i il The admittance- or circle-diagr am ( FI G 3 . 9 ) was 
used as the second me thod f o, de te rminin g the 
tr-ansducer' s parameters. 
- 3. 8 -
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The admittance diagram of a transducer in 
the complex plane is represented by a circle 
with the associated frequencies being: 
f, - me chanical resonance 
f" - parallel res onance 
ft , f2 - 3 dB bandwidth frequencies 
The circle diagram enables the equivalent circuit of 
the transducer to be calc ulated as follows: 
R = 1 / D 
C = 1 / L ( 2TTf,) 2 
Co = BW /( LCJ '1 / 2 
The transducer in the receiving mode is tuned using Cr 
and Lr, preserving both its resonant frequency and Q. 
L C 
r C o Cr L r 
F IG. 3. 1 0 The t r a nsdu ce r equivalent circuit in the 
re ce 1 v 1ng mo d e, with electrical tuning . 
3. 9 
The tuning capacitance Cr is calculated from the 
formula for bandwidth C BW> 
LCCr + Col 1 / ( 2 TT( ft 
and the tuning inductance is 
Lr = 1/C2Pf,l 2 CCr + Col 
The circle diagram can be used as an interferometer, 
provided a wideband transducer is used. Standing waves 
are set up between the transducer and a parallel 
reflector, here 19mm away, 1n water . The frequency at 
which an integer number of nodes occurs is obtained 
from the diagram. 
sso 
transducer 
res o nance 
1 SI 
FIG . 3. 1 1 The c i r cle d i a g r a m of a 917 KHz transdu c er in 
wa te r wit h sta nding wav e s ca u s e d b y a p l ate 
at a d ista nce e = 19 mm. The numb e r o f n o d e s 
t s designated n = 2 e1 A 
3 10 -
Two simultaneous equations are obtained from 
circle diagram giving: 
t = nAn / 2 = Cn+4)).n+4/2 
Substituting: wavelength= velocity/frequency 
An = v/fn 
a formula for n is obtained: 
In the experiment , 
n = 4fn / Cfn+4 - fn> 
fn = 817 KHz 
f" .s = 9 81 KHz 
n = 19. 93 giving n = 20 
the ultras o nic v eloci t y in water is calculated as: 
V = 2fnt / n 
- t 
t 5 5 2 • • 
the 
This result indi c a tes the usefulness of the technique, 
although if hi g h a cc urac y is desired , presice values 
of e, water temperature and atmospheric pressure are 
needed. 
3. 3 Pulse generation for the t ransducers 
The transduc ers are p o wer driven from n- and recentl y 
de~eloped p-channel VMOS FETs operating in ope n drain 
mode. VMOS has the ad va n tage s of fast switchin g ( no 
minorit y carrier stage ) an d high p o wer gain. The 
circuit ( FIG J. 12 ) re c ei ves interlaced pulses from 
which are then le v el shifted using 
tranststors . The t WO FETs are alternatively dri v en 
into saturatio n , pr od u ci n g a quasi -sine wave . 
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FIG. 3. 12 The driving circuit for the transducers . 
FIG. J. 13 a l This digital quasi-sine wave has the same 
frequency spectrum as an equal mark-space 
ratio square wave . The first overtone is the 
third harmo nic with an amplitude equal to 
one thi rd t he fundamental . 
3. 1 2 
FIG 3. 13 bl The actual output waveform produced when 
the driving circuit is coupled to the 
transducer. The selectivity of the system 
filters the drive to give a good sinusoidal 
signal burst . 
The quasi-sine wave output ( FIG 3. 13) is acceptable 
because the high Q of the transducer ensures that only 
the fundamental frequenc y is used , producing the 





deca y, dependent 
is clearl.v seen. 
occurs , but lS 
- 3 . 'l 3 
on the Q of the 
A simi la r exponential 
n ot visible on the 
CHAPTER FOUR 
EXPERIMENTAL TECHNIQUES, MEASUREMENTS AND RESULTS 
4. 1 Signal analysis of ultrasonic waves in suspensions 
Ultrasonic 
suspension 
waves travelling in an 
are scattered , absorbed and 
inhomogeneous 
experience a 
change in velocity , all dependent on their frequency. 
Measurements are typicall y made using either a single 
transmit / receive transducer, or a seperate transmitter 
with one or more recei v ers. The ultrasonic wave can be 
continuous or pu l s ed. The method 
single transducers operating in a 
f requ ency s yste m. T he quantities 
chosen comprises 
pulse-echo, multi 
of interest are the 
mean and fluctuating amplitudes of the backscattered 
signal, an d the attenuation of the wave propagating 
through the suspension. 
A co mmon measurement technique is to restrict the 
suspension to a container within the transducer 
beam"''10 ,11.14 Measurements are made in the far field 
to avoid the complex nature of the near field. 
howe ver, obtained good results as cl ose as 
1. 5 ti mes the transducer radius ( a=5mm, f=10MHzl away , 
suggesting the usefulness of this region, as was found 
later in this work, providing a suitable reference has 
been obtained. 
The divergence of the beam within the measurement cell 
and the refle ct ions inside the container are 
ne glected. The pulse 
t o o b tain a steady 
mainl y o n the Q 
burst must be sufficiently long 
amplitude output, and will depend 
of the transducer. 
4 . 'l 
In pra ~ a reference waveform is required with 
which the magnitudes and 
signals can be compared . 
pulse shape of the returned 
This can take the form of a 
reflected signal from a known surface, or the signals 
are correlated to the source . The latter method is 
noise) is only necessary when background interference 
high. The received signal is spread in time, a feature 
dependent 
suspension, 
on the depth 
and detected 
of penetration into the 
energy will always be less 
than that of the source. A fourier analysis of the 






as 1 n 
sufficient . Frequency 
provides information 
untransformed signal 13 . 
-- --ti me s 1 o t 
are needed to characterize the 
the ti me domain amplitude is 
anal y sis is only useful if it 
the unobtainable from 
signal 
FIG . 4. 1 An ensemble of sL g na ls defLning a random 
pro c ess , with time slot Lntegrati o n used to 
examine the area of interest. 
- 4 . 2 
The rand om ness of the de t e c t ed signals suggests the 
use of an ensemble. FIG 4 . 1 illustrates typical 
waveforms obtained from rand o m data systems . Each one 
is individually useful in providing information about 
the fluctuations, and collectively they form an 
ensemb le, used to determine the avera ge properties of 
the data 1 '. 
The ensembles obtained from the s y stems under 
c o nsideration are ergodic, that is the average of the 
ensemble is time invariant. Such a system is said to 
be s tationary , and lends itself to time slot 
i nte gration. This enables any required measurement 
cell within the suspension to be analysed as a 
function of the backscattered signal magnitude . 
Analysis of the fluctuations normally requires the 
storage of the signals, the computation of their mean 
and a co mparison of each wa v eform with the mean in 
terms of the ma gnit ude and frequenc y of the deviation. 
4. 2 The initial measurement s ystem 
The reflection magnitudes from resin particles at 
v arious frequencies is to be determined. Usin g 
a-priori knowle d ge that the particles have a nominal 
diameter o f 0. 7mm , two t r ansduce rs C numbers 3 and 8 in 
FIG 3. 8 in chapter 3 l were chosen because the y were 
expected to give 





wa v elengths 
respe c ti v ely 
The high Q 





Ra yleig h and geometrically scattered . 
the transducers ensures that this is 
essentiall y a n arrow b and system. 
4 3 
The transducers are situated centrally at one end of a 
low, water filled, 1m b y 3m tank. A container for the 
suspension is constructed from a strong rectangular 
plastic bucket by cutting windows in two opposite 
sides, and covering them with a thin plastic with a 
Pc close to that of water. The container which appears 











generator 1 b 
and their 
per burst to the 
simultaneously 
two transducers, which are 
ensure inspection of 
the random composition 
to 
of the medium at the same 
backscattered 
amplified and 
instant at both 
pressure 








the sample are 
as illustrated by 
reflector 
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FIG4 . 2 The b lock d iag r a m d es c ribin g 
measu rin g syste m. 
the ultrasonic 
4 . 4 
The amplifier s a nd envelope dete c tors C in app e ndix A ) 
were designed specifically for each transducer . Tuned 
circuits are used in the amplification sta g e t o 
eliminate noise from the s y stem, especially cross talk 
between the 
ob t ained, 
transducers . An 
pro v iding easil y 
is 
o v erall gain of 26dB is 
measured si g nals at the 
enable ensemble output. The envelope taken to 
traces to be plotted. 
FIG 4 . 3 d e scribes th e reflections characterizing the 
s y s t em , a nd the strong signal from the end of the tank 
confirms the low loss from the ultrasonic waves 
throu g h the 
in t e g ra ti on 
conta i ner windows W 1 and W2 . Time slot 
is appl i e d between these two points to 
o b t a in me asurements fr o m onl y the suspension . 
fIG. 4 . 3 
B W 1 W2 Mt T 
A typical oscillogram of the 4 . 6 C upp e r l and 
1 . 1 MHz ultrasonic signals c hara c t e rizin g 
the me asure ment sy s tem. Eac h t ra c e has been 
a mp l i fied and envelope det e c ted , and is 
described by t h e lette r s B, W, M, and T. 
B - to n e b ur sts driving t he transducers 
Wt , H, - e c hoes fro m the 
Mt, M, - multiple echoes 
T - the far wall of 
- 4 5 
co n tai ner windows 
f r o m t he co ntainer 
the testing tank 
The tone bursts are 60 volt peak-peak quasi sine waves 
each of 20 cycles. The power transmitted at 1. 1 MHz is 
therefore four times that at 4. 6 MHz. This has to be 
taken into consideration when calculations are made 
based on these measurements. The large echo from the 
rear of the tank confirms that the attenuation of the 
thin plastic windows is small. This reflection ( Tl 
serves as a useful indication of the amount of signal 
outside lost due to scattering, 
the near field, inverse 





attenuation and also, 
square law spreading. 










signals from the 
the end of the tank 
the effects of the 
conta i ner 
used to determine 
The reference signal was taken to be the 
scattered signal from the water in the 
1n random motion ( FIG 4 . 4) Signals from 
inhomo ge ne t ies such as specks 
e spe c i al l y on the 4 . 6MHz tra c e . 
of dust are visible, 
4 . 6 
F IG. 4. 4 The reference s i gnal , taken in 
t he ultras o nic measurements . The 
i s at 4 . 6 MHz and the lower at 
water , for 
upper trace 
1. 1 MHz. W1 
and W2 represen t th e signal echoes from the 
co nta i ner wal l s as seen in the previous 
p hoto g ra ph . The ti me slot integration 
tec hniq u e was app li ed wi th W1 to W2 being 
the ti me s lot, a n d t he random returned 
s igna l s f ro m t h e me di um were integrated over 
a p e ri o d of five seconds . The water was 
agitat e d to p r ovide a turbulent medium . The 
effect o f this can be s e e n , p a rti c ularly on 
the 4. 6 MHz t r ace. These signals are 
negligible and the s ig n a ls obta i ned with 
this system can confident l y be taken as from 
the suspension alone. 
A suspension of resin particles in wa ter wa s produced , 
having a concentration of appro x ima tely 100 0 particles 
p er litre. FIG 4. 7 a ) and b) are t he integrated 
backscattered 
interval. T h e 
signals 
geo metric 
over a f ive 
scatte r i n g o f 
signal is clearly larger than t h e Ra yl e i gh 
at 1 . 1 MHz . 
4 7 
second ti me 
the 4.6MHz 
scattering 
FI G. 4 . 5 The ba c ks c a t ter 
< upper ) and 1 .1 




particles at 4 . 6 
top photograph is 
obtained when the tone bursts each contain 
20 cycles, and the bottom one has bursts of 
equal duration . The latter transmits the 
same power per channel into the system and 
therefore gives an improved comparison of 
t he tw o fre q uenc i es . The difference between 
th e lar g e g eometric and small Rayleigh 
scatteri n g i s o bser v ed . 
4 . 8 
The differen,ce ( Dl in backscattered signal power is 
predicted to be 
D = 20logiol4 . 6MHz / 1.1MHzJ 4 
48dB 
This large difference has been confirmed and indicates 
the usefulness of the multiple frequency techniques 
for detecting anct classifying particles . These results 
provide motivation for large scale computer controlled 
measuring and analysis . 
The experiments described ab ove establish that the 
backscattered signal from the resin used in mining 
industry ( 0. 7mm diameter ) increases by a large factor 
as the wa v elength becomes smaller than the particle 
diameter . This is geometric as opposed to Ra yleig h ( f 4 ) 
scattering which occurs when the wavelength is large . 
As the grains in mining slurries are v ery small , an 






effect the signa l 
us e a s yste m where a reflected echo 
s cattered signa l is 
rema1nin 5 instead of 
measured . In 
the scattered 
signal is determined . The echo is a measure of signal 
loss due to both attenuation in the slurry and resin 
scatterin g. The actual resin concen trati o n is expected 
to be obtained from the attenuation spectrum. The 
backscattered si gnal 
option although the 
to echo ratio still remains un 
scattered signals ha ve very 
variable structur e an d are not read ily measurab l e . 
The conventional experimental arr ange ment for pulse 
echo signa l s was sh o wn in FIG 4 . 2. A tone burst is 
tr a nsmitte d, specularl y reflected and recei'led back at 
- 4 . y 




In effect the receiver is 
in the reflector. Precise 
the image of 
alignment of 
is carried out by is necessar y and this 
reflector tilt to make the echo 
amplitude a maximum . 
Rater is used as the zero attenuating reference . In a 
typical experiment, a tank containing pure water with 
facilities for stirring is used . The average echo 
level is recorded, usually with continuous stirring. 
Slurry is then added and the particular experiment is 
carried out . Stirring then ceases and when the 
suspension has settled, the zero attenuation reference 
can be checked. Similar measurements are made with 
resin which allows a comparison of the two materials . 
This technique with results is used in chapter 6. 
- 4 . 1 0 
CHAPTER FIVE 
THE ELECTRONIC CIRCUITRY AND COMPUTER SOFTWARE 
5. 1 The experimental procedure 
Attenuation of ultrasonic waves in slurry increases 
with an increase in frequency . It is therefore 
desireable to use the lowest possible frequency, while 
maintaining scattering discrimination. Experiments 
indicated the SOOKHz to 5MHz range to be best, with 
2MHz being the ke y frequenc y . The use of a single 
wideband transducer and ampli f ier is ad vantageous : 
A 
- signals at both frequen ci es then ha v e the same 
amplifi c ati o n and are easil y compared. 
the identical part o f the suspension is 
measured . The ultras o ni c beam clearl y follows 
the same pa t h , and the suspensi o n can be 
re g ard e d as sta ti onar y if t o ne burst repetition 
fre q uen cy is su f fi ci en tl y h igh . 
- ove r- all e lectro n ics r ed u ced . 
wideband t ransdu ce r wa s not a va il ab l e s o a 
narr o wb an d transducer was used at its fu n da menta l 
frequenc y and a t an ov e rto n e . A tu n ed a mp l if ier i s 
u nn e c e s sa r y bec a use t h e transduce r ha s a hig h Q, 
e li mi na ting a ll u nwanted frequencie s. 
Th e ba s i c me asuri n g s y s t e m co mpris e d : 
- the su s pens io n u n der te st 
- a singl e tr a ns d u ce r alte rn at e l y la unching t one 
b u rst s at t h e two c h o s e n frequencies 
- s y nch r o nised dete c t io n and si g nal p r o cess1 n g 
- co mput e r s to ra g e a nd a nalysis o f dat a. 
5 . 1 
Initially transducers 2, 3 , 6 and 8 of table 3 . 8 were 
used with separate recei v ers and driven from the quad 
channel signal burst generator. The results of these 











in chapter six . The 
single transducer 
operated at two frequencies 1n the pulse burst mode. 
The transducer ( radius 5mm) was mounted in a circular 
hole in an aluminium plate using silicon rubber . The 
plate had a sealed air gap behind it to provide the 
desired attenuative backing. The associated 
electronics is described in section 5 . 2 and the use of 
the Apple IIE computer is in section 5 . 3 . 
f I G. 5 . 1 The suspension classification system showin g 
the measurement , signal p,ocessing and 
anal y ti c sections . The measurements a,e made 
in the 2 . se container using an ultrasonic 
transduce, . The suspension is maintained 
with the hand drill and stir,er and is speed 
controlled using the variac. The tone burst 
generator, amplifiers, envelope detector and 
sample and holds are in the aluminium box . 
The outputs go to the oscilloscope and the 
mt c , o c omputer for analysis . 
- 5 . 2 
The transducer was tested on the circle diagram plotter 
which indicated the presence of many weak resonances 
and two strong ones. These were the 917KHz and 2908KHz 
as illustrated in FIG 5. 2, which is perfectly suited 




5 . 2 
f30 
The circle diagram in the 
the transducer mounted 
plate . The mechanical 
917 and 2908 KHz. 
transducer is mounted in a 
911 J<Ha 
complex plane for 
in the aluminium 
resonances occur at 
small 2. 5 litre 




stirrer . To 
which the 
speed hand 
suspens io n is 
drill with a 
near field eliminate the 
effects as far as possible. the attenuation will be 
measured using the reflected signal from the container 
wall as a referen ce. The near / far field boundary ( 5 ) 
- 5 . 3 
for the two frequencies is usually taken to be of the 
order of a 2 /).. = a 2 f/v. It is in fact th e rather 
indetermi nate point from which spreading commences and 
the beam type radiation model becomes valid. 
1 MHz 
3 MHz 
B = ( 5 mm) 2 1MHz / 150 0 ms - 1 
= 16 . 7 mm 
B = ( 5mm) 2 3MHz / 1500ms- 1 
= 50. 0 mm 
The reflector is mounted 80mm away and is therefore 
just in to the far field where some fall in signal due 
to spreading will occur . An Apple IIE based "aScope" 
i s available for signal analysis and provides computed 
information not immediately apparent from the 
oscilloscope vie wed signals . 
5. 2 The si gna l generator, dete ct or and process o r 
Electronic circuitry was designed specifically for the 
single transducer , dual frequency system. The 
requirements are: 
- pulse burst generater - alternating between two 
frequencies, but retaining s ingle frequenc y 
option. 
- detec t ion and ampl i fication of burst echo 
- en v el o pe detection of echo 
- time-s l ot measurement with sample an d h old 
- c o mputer output 
The block dia g ram of the s y stem is given in FIG 5 . 3 
and the ele c trical circuit diagram is in appendix A. 
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The repetition frequenc y of the tone bursts launched 
into the suspension is determined by a trigger pulse 
generated by the voltage co ntrolled oscillator VC01. 
It is set at approximately 2KHz to allow multiple 
reflections within the tank to subside before 
transmittin g another 
frequency <PRF) of VCOt 
burst . The pulse repetition 
after being halved is also 
used to switch the output burst from the VC02 between 
two preset frequencies, which are double the resonant 
frequencies of the transducer . This is achieved using 
a potential divider and TTL logic to alter the control 
v oltage of VC02 . 
A monostable determines the length of the burst that 
is sent to the quasi sine wave generator which 
produces a low voltage waveform, now at the correct 
frequency . VMOS FETs amplify the burst as in chapter 3 
but here to only 30V. - . across the transducer. 
The detected signal is attenuated to a level suitable 
for processing and is clipped to pre v ent any 
saturation of the amplifiers . The detector input is 
disconnected usin g a gate during burst transmission 
for t he same reason. 
Wideband i ntegrated circuit ( IC) amplifiers are used 
to increase and e n velo pe detect the signal which is 
optimised b y the p o st envelope low pass filter . The 
use of logic controlled switched resistors in the 
amplifier' s feedback g i ve s a convenient 
The part of each signal of interest is 
alternati vel y triggered sample and hold 
gain control. 
latched using 
ICs and these 
are then measured by the computer. Typical signals in 
the electronics are seen in FIG 5 . 4 . 














The sequence of electronic signals present 
during measuring. 
a l The PRF triggering the tone bursts and 
the monostables. 
b l The two different tone bursts ~lternatel y 
launched into the suspension. 
cl The detected signal from the suspension . 
d ) The envelope of the detected signal. 
e l A monostable for each channel sets the 
point at which the received waveform is 
to be sampled. Synchronous triggering is 
required to ensure each tone burst is 
always detected on the same channel. 
f l The sample and hold output for CH 1 and 
gl CH 2 , with the aScope trig ger added . 
- 5 . 7 
The outputs from the circuitry are: 
- two channels, sample and hold values 
- digital frequency meter output for the 
transmitted frequency 
- single channel output showing the amplified and 
envelope detected signal 
The controls include: 
preset adjustments 
switches < SPST ) 
frequency of the tone bursts 
- channel gain 
- sample and hold trigger 
- transmit ( tone bursts ) or DFM 
output ( continuous tone> 
- preset or variable frequencies 
10 turn pot. 
switches ( SPOT ) 
- variable frequenc y adjustment 
- tone ft, f2 , or alternate 
- three gain settings 
switch ( SP MT) - six attenuation settings 




It operates as a 
for the Apple 1IE desktop 
dual beam digital storage 
oscilloscope and can display, in real time, signals up 
to 25KHz. When measurin g repetitive waveforms however , 
signals as high as 50MHz can be obtained using an 
iterative process . This would require 2000 scans. Each 
trace consists of 256 eight-bit words which are 
readil y accessible for signal anal y sis. 
The aScope is suitable 
which operates using 
approximatel y 2KHz . The 
for this measurement system 
the sample 
absence of an 
and holds at 
external trigger 
complicates operation , but the solution 1s to include 
- 5 . 8 











random suspension is 
Each point < 256 total) 
represents one reading from the suspension . 
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FIG 5 . 5 
The mean 
2 '.,.' / D I ,..., 0 C: t 
5 0 rn ::: / [I I '·.' 
1 • ::: '.,.' + C: H 1 
The fluctuation of a typical received signal 
due to the random motion of the suspension 
for the duration of 500ms. 
v alue and fluctuation of the trace are 
appat'ent and at'e easily calculated . The mean gives an 
indication of 
information 
attenuation and the fluctuations give 
on the random motion and velocity of the 
slut'r y . 
·ralues , 
samples. 
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to cal c ulate these 
desireable number of 
The control program for the measurement is written in 
modular form , with the following menu: 
i l As cope 
iil Basic 
iii) Channel select 
i vl Sampling points 
v) Number of samples 
vi) Initial setup storage 
vii) Alter reference 
viii l View reference 
i xl Run measurement program 
xl Continue run 
xi) Save plot 
xii) Load plot 
xiii> View signals 
xiv> Output plot to printer 
xvl Fluctuations 
The software listing is in appendix B while a 
description of each module is given below. 
brief 
"As cope" exits the program and calls the oscillos co pe 
mode of the computer . All the normal functions are 
a v ai l able from the keyboard, as illustrated in the 
ap p endix. The time base and vertical gain must be set 
in this mode before the control program can be use d . 
"Bas i c" exits the pro g ram and returns to the moni to r . 
"Channel select" 
aScope ' s beams . 
selects both or either one of the 
- 5 . 1 0 
"Sampling points" sets the 
the data to be analysed. 
between the two markers is 
time slot on each trace of 
The average of the points 
stored by the computer . 
"Number of samples" sets the number of traces that 
will be averaged before the time slot averaging above 
is performed . This enables a trace to be made from the 
suspension containing very little random nuise. 
"Initial 
iii , iv 
setup storage" saves the parameters set in 
and v on disk and these values are 
automatically loaded each time 
run, eliminating the need to 
measurements are to be made. 
the control program is 
reset them each time 
"Alter reference" averages 255 waveforms from the 
suspension to obtain a reference waveform consisting 
of 256 points . The suspension must not be altered 
during this time, and therefore the reference is 
normall y taken in water for stability. 
"V iew reference" is used to check the acceptability of 
the reference . 
" Run measurement program" determines the attenuation 
o f the suspension with respect to the reference . A 
tra c e of this attenuation is built up over a time, 
de pe n den t o n the number of samples required to be 
a v era ge d. The fluctuation effects from the suspension 
a re lar g el y neutralised by the averaging process. 
During a measurement run, it is possible to return to 
t he menu to alter iii through v and "continue run". 
- 5. 11 
"Save plot" allows a measured trace to be viewed and 
then be stored on disk if required. 
"Load plot" returns the specified trace from disk to 
the control program's memory. 
"View signals" allows any traces to be viewed. This 1s 
normally used before saving a trace on disk 
plotter and after loading a trace from disk. 
or the 
"Output plot to printer" makes a hard-copy of the 
required traces stored in memory. 
"Fluctuations" is a module added to the original 
program for the purpose of analysing attenuation or 
signal traces. It determines the mean and its RMS 
fluctuation in either dBs or volts as required. 
- 5. 1 2 
CHAPTER SIX 
RESULTS AND DISCUSSION 
6 . 1 Measurements in suspensions with transducers 
operated at their fundamental resonance 
Measurements of attenuation and fluctuation were taken 
using four transducers ( 2, 3, 6, 
at 0 . 5, 1 , 2 and 4 MHz . Care was 
8, FIG 3. 8) resonant 
needed to align them 
with the opposite wall in the suspension container to 
obtain the best possible reflected signal . A reference 
waveform is acquired from this pulse echo before 
measurements commence. It is usually taken in water 
but experiments indicate that a known density 
suspension reference is suitable, especially for dense 
media where attenuation is high . This is true because 
of the stationary nature of the results. 
The media of interest are resin particles in water and 
slurry suspensions . This section 
at 0 . 5, the slurry measurements 




and 4 MHz. 
res in comparisons 
using a single transducer operated at 1 and 3 MHz. The 
initial analysis of mixed suspensions 
section 6 . 3 . 
is performe d in 
The slurry particles are quartz rock in powder form 
and are approximately 20 microns in size. They are 
of random form with some porosity. The air has an 
acoustic impedance many orders larger than water and 
this results in ve r y high scattering. Observations 
have shown that the attenuation decreases as the 
particles become saturated, suggesting that the a1r is 
-· 6. 1 
removed from the surface of the particles . 
be necessary in the gold extraction process 
the ion exchange to take place. 
This would 
to enable 
The attenuation of slurry is greater for the higher 
measuring frequencies and is predicted to have a 
square law dependence. The results from the aScope are 
plotted linearly although the co-ordinates are given 
logarithmic values ( in decibels) . The standard 
measuring technique is to take several readings from 
the reference medium before changing its composition . 
This indicates the reliability of the reference and 
renders possible any 
D. C. offset. 
necessary corrections, such as a 
A comparison of the 2 and 4 MHz frequencies for a low 
slurry density is described in FIGs 6. 1 and 6. 2 and 
show the high sensitivity of the system. The density 
of the 520g dr y weight slurry in the 17 litre solution 
used is given as : 
D = weight / volu me of the suspension 
= <17 + .520lKg / 17l 
=1.031 
This is approximatel y a twentieth of the density that 
is typically achieved in the gold extraction process . 
The effects noted here are used as a guideline for the 
characterisation of high density slurries . The dBs 
used throughout are for· the sii;nals as recorded. 
Be c ause of the explor1tory nature of the work it was 
not felt justified in claiming dBs per centimeter or 
dBs per wavelength . 
- b . 2 
At ten. 
< d 8) 
FIG . 6. 1 
At ten. 
C dB l 







A B C D 
30 minute trace 
An attenuation trace typical of slurry. Up 
to A, stirring of fresh water shows the zero 
reference attenuation. Wet slurry was then 
added and the suspension soon became stable . 
It is noted that the 4 MHz attenuation is 
virtually twice that at 2 MHz . At time B, 
the stirring stopped and the attenuation 
slowly returns to its zero value as 
particles of various sizes settle past the 
transducers. Some very fine particles are 





A 8 30 minute trace 
Some of the settled s l urr y fro m the pre v ious 
experiment was measured without s ti rring 
until p oin t A. At time 8 , dry slurry was 
added ca using e xtincti o n of signals . These 
returned as the powder became saturated . The 
attenua tio n ratio of the two frequencies is 
again 1n t he app r o ximat e rati o of two to on e 
1ndi cat1 n g a co n sta n t loss angle . 
6 3 
Dry slurry additions initially make the suspension 
opaque to ultrasonic waves. The result is repeatable 




or entered as 
namely sprinkled in as a fine 
lumps. After a short time the 
attenuation settles to that level which an equivalent 




The time taken for the signal to stabilize 
to be dependent on the solubility of air 
and the surface shape of the particles, 
cause pockets of air to become trapped in cracks or 
other discontinuities . A sample of slurry was placed 
in a vacuum to eliminate as far as possible air from 
the particles , and then saturated with carbon dioxide 
which is readily dissolved into water . The addition of 
this sample to the suspension still revealed the 
disappearance of the signal echo and its 
characteristic return . This experiment therefore did 
not clarify the mechanism producing this phenomenon . 
Typical results obtained for the determination of the 
attenuation dependence on slurry density are 
ill ustrated in FIG 6. 3. As in most of the attenuation 
experiments, a water reference is used making the 
addition of equal amounts of slurry easily 
discernable . 
The extrapolated curve does 
o ri g in in FIG 6. 3a as might 
to a residue of slurry 
not pass 
be expected . 
through the 
co ntainer which . when in 
attenuation of the material 
- 6 . 4 
This is 
and resin particl~s in 
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FIG. 6. 3 
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A 
30 minute trace 
Equal additions of slurry cause a linear 
increase in attenuation which is dependent 
on the measurin g frequency. The 2MHz signal 
is attenuated three times the SOOKHz signal 
as seen 1n a ). The graph was obtained from 
bl which shows wet slurr y additions except 
at point A where dry slurry caused the 
usual total l o ss of signal . 
The reliabi lity of the reference wa v eform obtained 
from signals propa gating through a suspensi.on was 
ve rified for low density concentrations. Attenuati o n 
measurements similar to those in FIG 6 . 1 were made at 
1 and 2 
signals . 
MHz , using both water and slurry referenced 
A comparis o n of the two appr o aches is 
illustrated i?;raph1cally in FIG 6 . 4 . 
- b . 'j 
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S1urr'1 'J>~r1s1ty 
Low density slurry is used to compare water 
<zeroJ and slurry referenced signals. Points 
1 ... , 2 ... and 3 ... are water referenced. Slurry 
referenced measurements were taken between 
each of these readings, and the suspension 







could be made . 
obtained by adding 
slurry to a stirred suspension and 
correspond to the change in attenuation 
between 1., & 2... and 2... & 3., respectively. 
The correlation of the two techniques is 
evident . and further experiments confirmed 
the value of the slurry referenced signals . 
An unexpected phenomenon was dicovered when slurry 
suspensions with densities greater than approximately 
1 . 05 were allowed to settle. Instead of the previously 
observed exponential settling of 
indicates that the attenuation 
maintained . Observations re v ealed 
the particles , the 
suspension is being 
a clearly defined 
slurry / water boundary ts formed which on crossing the 
transducers causes an immediate return of the s1 gnal. 
This is a settling characteristic of sufficientl y high 
density suspensions . 
- b . h 
At ten. 
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30 minute trace 
B C 
1 and 2 MHz signals are averaged at 16 
samples per point. A slurry reference is 
used and is checked to point A, where dry 
slurry is added. The characteristic recovery 
of signal is observed to B, where stirring 
ceased. The slurry is seen to settle until C 
where the slurry/water boundary passed the 
two transducers giving attenuation in water. 
describes a slurry stirred into suspension 
unti.l point B, is allowed to settle. 
The i mmed1 ate 
after which it 
se t tling of the larger particles is 
detected by the increase of the 2 MHz signal. Shortly 
afterwards this signal is unexpectedly seen to rise 
the 1 MHz trace . This is due to a clearly bef o re 
visible slurr y / water boundary being formed b y the 
suspension , which graduall y moves down the tank . The 
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6. 7 that the 
a t tenua t ion and fluctuation of the received signal are 
dependent on the speed of the stirrer . 
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1 se cond trace 
The fluctuation of a pulse echo in a slurry 
suspension. The 2 MHz aScope display shows 
successive pulse heights C volts) for a time 
of one second C 256 samples j. Analysis shows 
the fluctuations to be 1. 2 dB about a mean 
echo amplitude of 6 . 4 volts . 
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FIG. 6 . 7 
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1 second trace 
The received signal with a considerable 
increase in stirring speed . The mean echo 
height fell b y onl y ·1. 8 dB and the 
fluctuations remained at 1. 2 dB . The t wo 
predominant frequencies in the fluctuations 
( 2 and 1 0 Hz l increas e d only sli g htl y. 
- b . 8 
Increas e d attenuation occurs with increased speed due 
to a more even suspension being obtained . Care is 
needed during experimentation to ensure that a uniform 
suspension is maintained to ascertain 
of the results . 
the reliabilit y 
The fluctuations are both frequenc y and amplitude 
dependent on speed . Spectral analysis confirmed this 
in part, as seen in FIG 6. 8 , the fourier transform o f 
the amplitude versus time trace 17 . 
8 . 8 
. 6 
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FIG . 6. 8 The spe c tra of the d etected signals' 
amplitud e f l uctuatio ns at fou r slurry 
v elocit i es . Th e va r 1ac controlling stirring 
speed was set at 30 . 40, 60 an d 70 volt s . 
The corresponding s pe ct ra l co mp o n en t s ar e 
dominant at a l ? Hz , b l 1 5 Hz , c l 30Hz a nd 
d l 40Hz . The frequ e n cy o f t he fluct uatio ns is 
a character i sti c o f the motion, v e loc i ty and 
turbulen c e , o f t h e s lu rr y a nd n oc of th e 
' inheren t s lu r ry c haracte r istic s . 
- 6. 9 -
6 . 2 Results of the single transducer, dual frequency 
system 
The measurement system as described in section 5. 1 is 
used for the analysis of resin particles in water and 
slurry suspensions. The single transmit/receive 
transducer is alternately driven at the fundamental 
resonance of 1 MHz and then at the overtone frequency 
of 3 MHz. The pulse burst duration at each frequency 
is 0. 040ms and the time between bursts is 2. Oms 
ensuring that any multiple reflections from the 
container walls will have died down. During this time, 
the suspension will have travelled less than 0.1mm and 
the received signal echoes at each frequency can be 
regarded as having propagated through paths with the 
identical suspension composition. Any difference in 
signal is therefore attributed to the change in the 
pu l se burst frequency . 
Experiments showed the 3 MHz signal to be useful only 
a t low density suspensions, where as the 1 MHz echo is 
dete c tab l e 
g reater than 
we ight to 
in 1 . 6 density 
'160mm. Slurry 
volume ratio 
slurries over a distance 
densities are 
see sec . 6 . 1) 
given as a 
and resin 
p a r ti cle densities as a volume to volume ratio . The 
l att er are measurable above 1 . 10 densities, which is 
th e 1 0 % b y volume t y pically used in practice . 
Th e re s in and slurr y give time variant signals due to 
t he wa ter absorbant properties of the two materials. 
Dr y particles added to the suspension initially cause 
the suspensi o n to be opaque for ultrasonic signals . 
T he e c h o es reappear and reach a plateau after about an 
hou r . T h.1s plateau rises gradually over a period of 
- 6. 1 0 






and marginal change after several 
of 
of 
resin and slurry therefore 
knowledge the materials history if an 
accurate value of density is to be obtained from the 
attenuation measurements . 
Distortion of the wavefront 
the reduction of signal due 
proportional is 
causes fading, which is 
to phase effects. This 
frequency and is distortion 
dependent on the turbulence 
to 
and micro temperature 
struc t ure of the medium. An ultrasonic 
through a warm re g ion would increase in 






focus th e wa v e to a point . Hu y gen' s principle , 
on the consideration of each point on the 
wavefront as a wa ve source can be used to determine 
the distorted pa th. 
- - - - -
fIG 6 . 9 Distortion of a wa ve due to the presenc e of 
micro temperat ure stuct ures. 
Classifica t io n of slurry beg a n with dry 
additions to water . A reference was taken 
slurr y 
in still 
water . after which stirr in g be ga n and the effects of 
- 6 . 11 
turbulence 
therefore 
were noted . They were 
all changes with respect 
negligible and 
to the reference 
when particles are added are a propert y of that 
material. The difference between calm and turulent 
water is noted in FIG 6 . 10 . Micro temperature effects 
could also cause errors in the results and to discover 
the extent of these effects, measurements were made on 
water at room temperature which then had boiling water 
added to it. This produced interfaces of the two 
waters in the path of the beam and was seen to have 
negligible effect. This means that micro temperature 
struc t ures in a suspension under test will make no 
significant change to the ultrasonic signal. 
At t en . 
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B C 
2 0 minute trace 
FIG . 6. 10 A t y pi cal t r ace measured in a slurry 
suspens io n . T h e re f er e nce was taken in water 
a n d is di r ectly c ompared to the readings up 
to p oi n t A to s h o w the short term stability 
of the s yste m. S t i rring to B indicates the 
ne gligib le e ff e c t o f turbulence . A 1. 01 
density s lurr y b y wei g ht was created and 
sti rr i n g ce a s ed at C. The suspension settled 
s l ow l y a n d a sudden increase in signal 
occ ur e d wh e n t he slurr y/ water boundary 
crossed th e t ra nsdu ce rs . 
- b . 12 
When h i st o ri c all y identical samples of slurry or resin 
particles are added consecutively to a suspension , 




Given this , the 
exponentially dependent on 
density determination of 





the anal y sis 
saturated for 
has been established . 
of suspensions that contain 
varying lengths of ti me . 
Typical results of measurements made on slurry are 
illustrated in FIG 6 . 11 . The graph in FIG 6 . 12 was 
obtained from these readin g s . 
At ten. 
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3MHz 
JO mi nu te trace 
FI G. 6. 11 Attenuation of the 1 and 3 MHz s ignal s when 
100g soaked slurry per additio n is mi xe d 
wit h the 2 litre s uspe nsio n . The li n ear pl ot 
re v e al s t h e e x pon e ntial na t ur e of 
a tt e n u atio n with respect to de ns it y. 
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4 hour trace 
FIG . 6. 12 The at ten uation dependence of 1MHz signals 
on density a nd s o aking time in al slurry and 
res in , and b l Resin becoming saturated. 
The res i n particles exibit a similar change with time, 
as seen in the graph. T h ey 
co mp lete 
s lu rr y. 
loss 
Typica l 
in si gn a l 
s ignals 
do not howe v er 
entered 
cause the 
dry as does when 
for resin particles having 
under go ne diff er en t per io ds of soaking are illustrated 
1 n FIG 6 . 1 J. from which the previous graph was 
compiled. 











30 minute trace 
FIG. 6 . 13 Attenuation of 1 and 3MHz signals through a 
A 
2 litre suspension with 
resin particles. 
12. 5ml additions of 
comparison of the attenuation at different 
frequencies is given below for resin at 1 and 3MHz. 
This method is the so called loss angle, and gives an 
indication of attenuation per wavelength. For example , 
a resin density of 1. 04 gave attenuation at 1 and 3MHz 
as 2. 2 and 8. 3 dBs respectively. Each value is 
normalized with respect to its frequency, and the 
ratio of these two values gives the loss angle as: 
loss angle = C 8. 3/3) /( 2. 2/1) 
= 1 . 26 
This indicates that the attenuation per wavelength is 
greater at the 
suspension . 
higher frequency for the chosen resin 
Frequency discrimination for 
is difficult because of the 
high density suspensions 
large attenuation of the 
3 MHz signal . The 1MHz echo is still suitable for use 
1n suspensions typically found in practice and it 
- 6 . 15 -
would be convenient if it alone was sufficient for 
classifying the medium. Experimental analysis showed 
the fluctuation of the attenuated echo about its mean 
to be dependent on the medium, and to be different for 
slurry and resin particles. 
FIG 6 . 14 gives the empirical results for the two 
seperate media . There is evidence of a second order 
effect which can be determined from the latter part of 
the graph . The first order effect is approximated by 
the tangent at the origin . 
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FIG. 6 . 14 The 
b l 
fluctuation caused by al slurry and 
resin particles with respect to density . 
When stirring stops, the fluctuations continue for a 







turbulence phe nome non. 
does not produce this Turbulence 
effect which means that it is also dependent on the 
suspension . It could be a wavefront distortion caused 
b y the particles being in the near field , where the 
sound magnitude pl ot shows its complex nature . 
Intet'fet'ence ft'om particles in this region could 
therefot'e further complicate the signal and cause the 




The use of a pin transducer' 
extent to which particle 
interference in the near field effects the readings . 













6. 3 The applicability of the results to the 
characterization of suspensions 
This section provides scope for future work. Initial 
measurements taken in mixed suspensions appear to 
behave as expected 
The attenuation is 
for attenuation 
a first order 
and fluctuation. 
effect for both 
slurry and resin and as an initial approximation for 
the mixed suspension attenuation, the logarithmic 
values for each individual medium are simply added. It 
is necessary to confirm that this is always true 
because the intermixing of the two media could result 
in less attenuation than expected. 
The fluctuations are measured as 
of the departure from the mean 




therefore a second order effect. The mixed suspension 
fluctuations are approximated as the root of the sum 
of the individual squared values. Typical measurements 
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FIG . 6 . 15 Fluctuations in the detected signal measured 
1n a l slurr y, b l resin and cl mixtures . 




















A comparison of these values is made with the graphs 
of the two seperate media in FIG 6 . 12. The materials 














Ji 1. 3 12. 5 0. 41 
I 
Resin Density 
II II I 
1. 01 1. 1 0. 30 I 
1. 02 2. 3 0. 39 I 
1. 03 3 . 7 0 . 45 I 
1. 04 .4. 9 0 . 65 I 
1. 05 6. 2 0 . 75 
Density Predicted Measured 
II 
slurr y resin at ten . fluct. at ten. fluct. 
1 . 2 1. 01 7 . 3 0. 42 6. 57 0. 41 I 
1 . 2 1. 0 2 8. 5 0. 49 7. 9 7 0. 43 
II 
1. 2 1. 0 3 9 . 9 0. 54 9. 14 0. 53 
I 
1 . 3 1 . 03 16 . 2 0. 61 11 . 5 2 0. 55 I 
l 1. 3 1. 0 4 17. 4 0. 77 13. 2 8 0. 64 I 
I 
1 . 3 1 . 05 18 . 7 0. 85 14. 2 7 0. 6 5 
I 
FIG. 6. 16 A comparison of the predicted and measured 
attenuation and fluctuation values of 
mixtures of slurry and resin. The 
predictions were derived from table a} . 
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These values suggest the correctness of this approach 
but require to be substantiated by further 
experimentation. 
The settling of the mixed suspension is of interest . 
When stirrin g ceases, there is an immediate small drop 
in signal before it 
value greater than 
This is followed 
particles which is 
is surprisingly attenuated to a 
that durin g stirring C FIG 6 . 17) . 
b y the settlin g of the resin 
represented b y the sharpl y rising 
section of the trace . A p l a t eau then follows which 
indicates the settling of th e s l urr y . The me c hanics of 
this settling always results in a la y er of res i n being 
sandwiched between two slurr y la ye r s o n the bot to m of 
the tank C FIG 6 . 18 ). The hea vy s l urr y parti cl es settle 
first , followed b y the resin a n d then the l ight slurry 
producing the character i s tic se t tl ing la y ers . 
At ten . 








30 minute trace 
F IG. 6 . 1 7 The se tt l i n g characteristics of a slurr y and 
re s in mix t u r e me asured at 1 a n d 3MHz. The 
1MHz tra c e ind icates h eavy slur r y particles 
s e ttlin g , b efore a sudden i n c r ease 1n 
attenuati o n occurs as a result of the r esin 
be gi nnin g to settle . An e xpo n entially 
d ec a y ing p lateau is rea c hed wh en the fine 
s l ur r y alo n e 1s left 1n suspensio n . 
- b . '19 
FIG. 6. 18 The layered effect characteristic of the 
settling of resin and slurry mixtures. 
The classification of slurry and resin suspensions has 
been studied in terms of the attenuation, fluctuation 
and frequency dependence of the two media. These 
depend on the scattering and absorption properties of 
the particles in suspension. The factors contributing 
to the change of the ultrasonic pulse echo are: 
particle size 
- suspension density 
soaking time of the suspension 
velocity of the suspension 
Mixed suspension effects could be approximated 
combination of the individual media effects . 
by a 
The 
settling of the suspension is of interest, especially 
i n the case of a surry and resin mixture. 
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CHAPTER SEVEN 
CONCLUSION 
7 . 1 Characterization using attenuation and frequency 
The attenuation ( in dB) of ultrasonic waves propagated 
through a given homogeneous suspension increases 
linearly with signal frequency increments . This 
increased attenuation is best described as the loss 
angle, which gives the attenuation per wavelength as 
constant for homogeneous suspensions. Inhomogeneous 
media are charac terized by the scattering effects of 
the individual part icles which are significantly 
different for the Ra yleigh and geometric regions . 





medium is accompanied by a 
the attenuation of the 
the added (o r removed) 









in the suspension. 
the source of great 
the attenuation of 
dependent on their 
soaking times . Experimental data reveals a logarithmic 
decrease in the attenuation with respect to time, and 
therefore the densi ty of only historically known 
suspensions can be calculated 
measuremen ts of attenuation. 
from straight forward 
Initial measurements taken in suspensions left to soak 
for severa l days revealed not only the logarithmic 
decay in attenuation with time , but also evidence that 
each frequenc y is affected differently by the soaking 
time . The 3M Hz si gnal was only slightly larger whilst 
- 7 . 1 
the 1 MHz signal was approximately 50% larger. This 
factor, once calibrated, could prove invaluable for 
density determination of slurry and resins, because 
the history of the suspension would no longer be a 
necessary parameter. 
The attenuation CdBl of slurry and resin is 
characterized by the following factors : 
Slurry 
Resin 
- Attenuation per wavelength is constant for a 
given suspension 
- Attenuation increases linearly as the 
density increases 
- Attenuation decreases linearly with the 
suspension's soaking t i me 
Attenuation per wavelength is constant for 
an homogeneous suspension 
Attenuation for inhomogeneous 




Attenuation f o r i nhomogeneous suspensions is 
proportional to the fourth power of 
frequenc y in the Ra y leigh region 
Attenuation increases linearly as the 
densit y increases 
- At tenuati o n decreases l i near ly with the 
suspension ' s soak i ng t i me 
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7. 2 Characterization using attenuation and fluctuation 
Fluctuation measurements taken in suspensions are 
dependent on the frequency of the propagating wave. A 
fluctuation versus frequency technique could therefore 
be used similarly to the above method. Such a system 
however would be pointless, because the two approaches 
would be identical except for the measured parameter, 
and fluctuation is more difficult to measure than 
attenuation. The fluctuations can however be used to 
replace the multi-frequency technique, and this is 
advantageous when dealing with high density 
suspensions . A mono-frequency system operated at the 
lowest possible frequency will give the greatest 
penetration into the medium. The trade-off with this 
technique is a lack of sesitivity because the 
fluctuations are frequency dependent. A compromise 
between the low frequency penetration and the high 
frequency fluctuations must be reached, and a tone 
burst of 1MHz is regarded as a suitable value. 
The attenuation measurements in 
identical to those in section 7. 1, 
single frequency. To distinguish 
this system are 
but only taken at a 
between resin and 
slurry suspensions, a 
from the backscattered 
root mean square ( RMS) 
second parameter is required 
signal. This is taken as the 
value of the fluctuation in 
attenuation. These fluctuations are dependent on 
frequency which here is constant. the composition and 
density of the suspension and velocity at which it is 
mo ving. In a controlled or known enviroment a 
comparison of attenuation and fluctuation would reveal 
the density and composition of the suspension. 
- 7 . 3 
The fluctuation of 
soaking time, to an 
the signal will also vary with 
extent that has to be determined . 
If the attenuation and fluctuation are altered 
proportionally, which is likely, then the history of 
the suspension must be known before its density can be 
determined. 
The use of the fluctuations is more applicable to 
resin measurements where the particles are far larger 
than in slurry. This is seen in the increased 
fluctuation amplitude about the 
the signal. The motivation for 
the analysis of high density, 
effects of seperate resin and 
fluctuation are as follows: 
mean attenuation of 
this technique is in 
mixed suspensions. The 
slurry suspensions on 
RMS fluctuation increases with increased 
frequency 
RMS fluctuation has a 2"d order dependence on 
density 
RMS fluctuation decreases with 
suspension ' s soaking time 
respect to the 
7. 3 Characterizing mixed suspensions 
Two techniques used to characterize 
are dual-frequenc y attenuation 
mixed suspensions 
measurements and 
mono-frequ ency measurements of attenuation and 
fluctua tion. The dual-frequenc y technique is suitable 
for low density media where signal penetration is high 
where as the mono-frequency technique is prefered for 
high densi tie s where 
signifi c ant 
attenuated . 
and hi g h 
fluctuations in attenuation are 
frequency signals are heavily 













composition. T~e slurry and resin particles are of the 
order of fourty times different in size , which enables 
two frequencies 
discrimination. 
to be chosen to give good scattering 
Both propagating signals have chosen 
wavelengths far larger than the slurry particles, but 
the 0 . 5mm and 1. 5mm wavelengths encompass the resin 
particle size . 
Discrimination between the slurry and resin densities 
using the dua l-frequency technique c an be achieved by 
establishing the effect~ of the two media. The total 
attenuation of each frequency burst is the logarithmic 
sum of the res i n and slurry's individual attenuations. 
The power loss per wavelength in slurry is constant, 
and therefore the 3MHz tone burst is 
times more than the 1 MHz si gnal. 
attenuated three 
The resin particle 
effects are independent of frequency at 3MHz and 
proport ional to the fourth power of frequency at 1MHz. 
Establishing the exact relationship and combining it 
• with the slurr y effects provides the formul a from 
which the individual densities of the two media in the 
suspension can be calculated. 
The mono-frequenc y di s c r i mi n at i on technique follows 
a similar method of obtaining a mathematical formula. 
The att enuation measurements are unchanged but the 
frequency is replaced by fluctuation analysis. Both 
the resin and slurry particles cause fluctuations that 
are calculated as RMS values . The slurry is regarded 
as homogeneous at the chosen 1MHz frequency and only 
causes sli ght fluctuations . The resin particles 
however, being of similar order of magnitude to the 
- 7. 5 






effect . The 
in a mixed 
suspension are the logarithmic sum of the individual 
attenuations and the RMS value of their fluctuations. 
This requires knowledge of the 
to fluctuation for each medium . 
percentage attenuation 
Both techniques provide consistent results and further 
work along these lines is encouraged, to obtain the 
exact effects of the suspensions which will enable 
accurate classification. 
7. 4 Viability as an inst rument 
The developement of an instrument is feasible using 
the mono- and dual-frequency techniques. A single PZT 
disk shaped ultrasonic transducer could be used as 
a transmitter and receiver in both cases . The dual-
frequency s y stem requires either a wideband transducer 
or one with a suitable fundamental and overtone 
r esonances . Tone bursts of 0. 040ms duration are 
launched alternately into 
predetermined frequencies 
reflector plate moun ted 
the suspension at the two 
which can be identical) . A 
in front of and parallel to 
the transducer provides the backscattered signal from 
which measurements are made . Before the process 
begins , a reference signal usually taken in water is 
set. Attenuation is calibrated 
reference , and fluctuation is 
relative 
calculated 
divergence of the signal from its mean . 
to this 
from the 
The electronics used to implement the process is 
reasonably straight forward. The required tone bursts 
are generated b y a VCO and then amplified to dri ve the 
- 7 . 6 
transducer. The detected signals are amplified and 
envelope detected, 
and holds which is 
then sent alternately to two sample 




At present, a micro computer takes over at 
to perform the calculations because of its 
The attenuation and RMS fluctuations 
could easily be measured electronically to provide a 
portable instrument. The characteristics of slurry and 
resin need to be more fully understood however before 
a truly accurate instrument could be produced. 
- 7. 7 -
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The tuned amplifiers and envelope detectors used in 
the multi transducer measuring system. The two chosen 
frequencie s are 1. 1 and 4 . 6 MHz. The component values 
differing for the two circuits are: 
1 . 1 MHz 4 . 6 MHz 
1 K 47 ohms 
100 K 
2 . 7 K 2 . 2 K 
330 µ.H 46 JJH 
27 pF 22 p f 
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~~ 10 DIM M(4) ,XC280) ,YC280) 
15 PRINT CHR$ C4>;"0PEN STORSET" 
20 PRINT CHR$ C4);"READ STORSET" 
25 INPUT Cl,C2,P1,P2,P3,P4,S1,R1,R2,Z$ 
30 PRINT CHR$ C4);"CL0SE STORSET" 
32 IF Z$ = "Julie" THEN 40 
33 HOME 
34 INVERSE : PRINT "INSERT DATA DIS~:::'' 
36 NORMAL: PRINT "Press [RETURN]" 
38 GETZ$: GOTO 15 
40 POKE - 27284,1: REM - CHl AVE ON 
45 POKE - 27212,1: REM CH2 AVE ON 
65 2048 MC 1) = 









85 SWHALT = - 27287 
90 DIGITIZER= - 28432 
95 HCOLOR= 7 
100 TEXT 
105 HOME 
110 PRINT "Menu": PRINT 
120 PRINT "A Alter reference" 
130 PRINT "B 
140 PRINT "C 
Basic" 
Channel select CCHl-";2 
.145 PRINT "I !nit set-up storage" 























Number- of samp 1 es ( "; S 1; ") " 
Output plot to printer" 
Sampling points (" ; F' l; 11 - 11 ; P2;" 
Run control pro<.~r-am" 
Save plot" 





240 IF Z$ = "A" THEN 800 


































340 IF Z$ = 
345 PRINTZ$ 
350 GOTO 230 
11c11 



































CH2-";C2 1 ; II ) II 








IF z·r ~· 
PRINT 
GOTO 
= -· u· 
- 11v11 
= II z 11 
Z$ 
230 
360 GOSUB 9010 




370 POKE - 16301,0 




400 PRINT "CHl O=off" 
405 PRINT II l=on 11 
410 GETZ 
420 IF Z = 0 THEN 440 
430 IF Z < > 1 THEN 410 
440 Cl= 2 - Z 
450 PRINT "CH2 O=off" 
455 F'RINT II l=on" 
460 GETZ 
470 IF Z = 0 THEN 490 
480 IF Z < > 1 THEN 460 
490 C2 = Z + 1 
495 GOTO 100 
:34352 
540 PRINT "No. of samples to .:::1,vet-age on signal '/ 11 
550 INPUT Sl 
560 POKE - 27346 ,S l 
570 GOTO 100 
600 FOR I= Cl TO C2 
610 PRINT "CH";I;" Star-t ":'" 
620 INPUT P3 
630 PRINT "CH";I;" End'/" 
640 INPUT P4 
650 IF I= 1 THEN Pl = P3:P2 = P4 
660 NEXT I 
670 GOSUB 9000 
680 POKE 49234,0: REM TO PLOT 
690 POKE SWHALT,128 
700 CALL DIGITIZER 
710 FOR J = Cl TO C2 
720 FOR I= 0 TO 255 
730 X(I) = PEEK CM(Jl + I ) 
740 HPLOT I,XCI) 
750 NEXT I 




IF J = 2 THEN HPLOT P3,XCP3 l TO P4,X CP4 l 
NEXT J 
GET ZS: GOTO 100 
A("\1-·1 C•O T ... ,-.- •• -
ro,:,- - ,"c." , u 
790 GET 2$: GOTO 100 
800 PR I NT "Averaging over 255 5€.~mp 1 es" 
810 POKE - 27346,255 
815 POKE - 16302,0 
820 POKE SWHALT,128 
830 CALL DIGITIZER 
840 FOR I= 0 TO 255 
845 X (I) = PE a ::: ( M ( 1 ) + I ) 
850 POKE ( M ( 3) + I ) , X < I ) 
855 YCI) = PEEK (M (2> + I> 
860 POKE ( M ( 4) + I ) , Y ( I ) 
870 NEXT I 
880 POKE - 27346,Sl 
90,0 INPUT "Zero ref start? ";Z 
905 GOSUB 9000 
910 FOR J = Cl TO C2 
920 FOR I= 0 TO 255 
925 X = PEEK (M(2 + J ) + I ) 
930 HPLOT I, X 
935 NEXT I 
940 NEXT J 
945 HPLOT Pl , 50 TO P2,50 
950 HPLOT P3,110 TO P4,11 0 
953 N = Z + 20 
957 IF N > 255 THEN N = 255 
960 HPLOT Z,156 TO N, 156 
995 GETZ$: GO TO 10 0 
11 00 GOSUB 9 000 
111 0 POKE - 16301 ,0: REM MI XED 
11 15 HPLOT 260, 10 TO 260 ,1 59 
1120 HPLOT 0 ,10 TO 4 , 10 TO 4, 159 TO 0 , 159 
1125 VTAB 22 
1130 F'RI NT "M ( Menu) '7" 
1135 FOR I= 0 TO 
1140 X < I > = 0 : Y ( I ) 
1145 NEXT I 
= 0 
1150 FOR J = 5 TO 279 
1160 Al= 0 
1170 A2 = 0 
1180 POKE SWHALT ,1 28 
1190 CALL DIGI TIZ ER 
1200 IF Cl < > 1 THE N 13 10 
12 10 FOR I= Pl TO P2 
1220 X = PEEK CM Cl) + Il 
1230 Xl = PEEK (M (3) + I > 
1240 X == C X - X 1l / <R 1 - X 1) 
1250 Al= Al+ X 
1260 NEXT I 
1270 X(J) = 149 * Al / Cl+ P2 - Pl) + 10 
1280 IF X ( J l > 159 THEN X ( ,]) = 159 
1270 X(J) = 149 * Al / (1 + P2 - Pl) + 10 
1280 IF X ( J ) > 159 THEN X < J ) = 159 
1290 IF X(J) < 0 THEN X<J> = 0 
1300 HPLOT J,X(J) 
1310 IF C2 < > 2 THEN 1420 
1320 FOR I= P3 TO P4 
1330 Y = PEEK <M(2) + I) 
1340 Yl = PEEK (M(4) + I> 
1350 Y = CY - Yl) / (R2 - Yl) 
1360 A2 = A2 + Y 
1370 NEXT I 
1375 PRINT INT <Al * 100 / C 1 + P2 - Pl)); 11 %11 , INT <A2 -li· 100 / ( 1 + P4 
- P3)); 11 % 11 
1380 YCJ) = 149 * A2 / (1 + P4 - P3 ) + 10 
1390 IF YCJ) > 159 THEN Y(J) = 159 
1400 IF YCJ) < 0 THEN Y(J) = 0 
1410 HPLOT J,Y(J) 
1420 Z = PEEK < - 16384) 
1430 IF Z < > 205 THEN NEXT J 
1440 GETZ$: GOTO 100 
2000 PRINT "SAVE: A Atten. result(only 256 pt.s ) " 
PRINT II C CH1 ~~ 2'' 









PRINT II B Back to Menu 11 
GET Z$ 
IF Z$ = IIB" THEN 100 
IF Z$ = "A" THEN 2140 
IF Z$ = "C11 THEN IJ = M ( 1) 
IF Z$ = "R" THEN LI = M ( 3) 
TO 255 
2090 GOTO 2040 
2100 FOR I= 0 
2110 X(I + 5 ) = PEEi< (IJ + I ) 
2120 Y(I + 5) = PEEK CV + I ) 
2130 NEXT I 
2140 GOSUB 9000 
:V = 
:V = 
M <'.2) : 
M(4 ) : 
2150 HPLOT 0,10 TO 4,10 TO 4,159 TO 0 , 159 
2160 FOR I= 0 TO 255 
2170 POKE (3840 + I) ,X(I + 5) 
2180 POKE (4096 + I> ,YCI + 5 ) 
2190 X = PEEK (3840 + I) 
2200 Y = PEEK (4096 + I > 
2210 HPLOT I+ 5, X 
2220 HPLOT I+ 5,Y 
2230 NEXT I 
2235 PRI NT PRINT: PRINT 
2240 POKE - 16301, 0 
2245 INPUT "SAVE CY)':-' "; z~t 
2250 IF Z$ < > "Y" THEN 100 









PRINT CHR$ (4); 11 BSAVE";N:f; 11 ,A~ffOO ~L:;:tFF" 
F$ = "T" + N$ 
INPUT "Description? 11 ; T:,~ 






















F:·F, I NT 
PRINT 
"Description?"; T:f 
CHR:t < 4 > ; 11 OPEN " ; F :t 
CHRJ: ( 4 i ; 11 WR I TE"; F:f 
T$ 
CHR~f. (4); "CLOSE"; F$ 
GOTO 100 
INPUT "File Name?";N:t 
PR I NT CHR:t < 4) ; 11 BLOAD 11 ; N~t 
F:t = "T" + l\l$ 
PRI~H CHR$ (4); 11 0F0 EN "; F:t 
PRINT CHR~f. (4,) ,; "READ 11 ; F$ 
INF'UT T$ 
F'R I NT CHR:f C 4 i ; "CI_OSE" ; F$ 
GOSUB 9000 
HPLOT 0,10 TO 4,10 TD 4,159 TO 0,159 
FOR I= 0 TO 255 
2520 XCI + 5) = PEEK (3840 + I) 
2530 Y<I + 5 ) = PEEK 14096 + I > 
2540 HPLOT I+ 5,XCI + 5 ) 
2550 HPLOT I+ 5,YCI + 5) 
2560 NEXT I 
2570 VTAB 22 
2575 POKE - 16301,0 
2580 PRINT T:f 
2590 PRINT "Save Ref (Y)? else Menu" 
2600 GETZ$ 
2610 IF Z:f > 11 Y11 THEN 1nn 
2620 PRINT "LOAD in CHl i=.·ef:O Nothing" 
2630 !='R INT 11 1 CH1" 
2640 F"RINT " 2 CH2" 
2650 GET Z:f 
2660 IF Z$ = 11 0 11 THEN 2T::o 
2670 IF Z:t = 11 l II THEN U - ::::840 
2680 IF Z:f = 11 2 11 THEN U = 4096 
2690 FOR I= 0 TO 255 
2700 X = PEEK CU + I) 
2710 POKE MC3) + I, X 
2720 NEXT I 
2730 PRINT "LOAD in CH2 Ref:O Nothing" 
2750 F"R INT 11 1 CHl 11 
2760 PRINT" 2 CH2" 
2770 GET Z:f 
2780 IF Z:t = 
2790 IF Z:f = 
2800 I F Z$ = 
II() lf THEN 
II 1 II THEN 
"2'' THEN 
2810 FOR I - 0 TO 255 
2820 Y = PEEK CV + I > 
2830 POKE MC4) + I,Y 
2840 NE XT I 
2850 GOTO 100 
3000 GOSUB 9000 
100 
V ·- 3840 
V = 4096 
3010 HPLOT 0,10 TO 4,10 TO 4,159 TO 0,159 
3020 HPLOT 260,10 TO 260,159 
3030 FOR I= 0 TO 255 
·-z,-·,,'](~', U01(;1 TIC° • 1 1 •r • •·- , 
._:,,_,..:::,_, HJ-'ClTr-2cii:r;-IC:>TO 260, 159 
3030 FOR I - 0 TO 255 
3040 HPLOT I+ 5,XCI + 5) 
3050 HPLOT I+ 5,Y<I + 5) 
3060 NEXT I 
3065 POKE - 16301,0 
~5070 VTAB 23 




GET ZS: IF Z:f. = "M" THEN 100 
IF ZS= "P" THEN 3120 
HCOLOR= 0 
3086 IF ZS < > "l II THEN 3094 
3088 FOR I= 0 TO 255 
3090 HPLOT I+ 5,X(I + 5) 
3092 NEXT I 
:;:;094 IF Z$ < > "2" THEN 3102 
3096 FOR I= 0 TO 255 
3098 HPLDT I+ 5,YCI + 5l 
3100 NEXT I 
HCOLOR= 7 
PRINT PRINT: GOTO 
F'R£ 1 








3145 PRINT PRINT: PRINT F·RINT PRINT 
3150 PR£ 0 
3900 GET Z:f.: GOTO 100 
4000 PRINT "View CHl(l) or CH2 (2)?" 
4010 GETZ$ 
4020 GOSUB 9000 
4030 HPLOT 0,10 TO 4,10 TO 4,159 TO 0,159 
4040 IF Z $ ·:.. ··,. " 1 " THEN 4 080 
4050 FOR I= 5 TO 279 
4060 HPLOT I,X CI > 

















GET ZS: GOTO 100 
IF ZS > 11 2" THEJ\i 100 
FOR I= 5 TO 279 
HPLOT I,Y(Il 
NEXT I 
GET ZS: GOTO 100 
PRINT Pl , P2 
PF: I NT CHR$ < 4 ) ; "OPEN STC1FSET 11 
PRINT CHR$ ( 4 ); 11 WRI TE STORSET" 
PRINT Cl: PRINT C2 : PRINT P l : PRINT 
Sl: PRINT Rl: PRI NT R2 
F'R I NT CHR:f. ( 4) ; "CLOSE STiJRSET 11 
GO TO l OU 
END 
CALL - 28707: REM ERASE 
POKE - 16304.0: REM GR'S 
POKE - 16302,0: REM FULL 
9030 POKE - 16297~0: REM HGR ' S 
9040 POKE - 16300,0: REM PAGE l 
9050 S:ETUF:N 
9989 TE XT 
9999 END 




















































JJ . ..J-.:0 
C:C:-C"c:' 
J ....JJ . ..J 
5558 
556<) 
c:.-c-: , r-i 
._,._10..::. 
c:;·c:-, t:;" 
._ 1, .... JQ ._J 
,::;:c:::.-1 ,-. 
-
- pff INT "Signal CS) or Attenuation CA)? II 
GET 0:t 
IF 0:t < > "S" THEN IF 0$ < > "A" THEN 5000 
GOSUB 9000 
GOSUB 9120 
J = 125:I = J: HPLOT I,O TO I,159 
FORK= 1 TO 2 . 
PRINT "Arrm'1s to position ";K;" ENTER t o enter·" 
Z = PEEK < - 16384) 
POKE . - 16368; 0 
IF Z = 136 THEN J = J - 1: GOTO 5500 
IF Z = 149 THEN J = J + 1: GOTO 5500 
IF Z < > 141 THEN 5040 
K<f<) = I 
J = J + 10: I= J 
NEXT K 
Xl = O:Yl = 0 
FOR I= KC1) TO K(2) 
IF Q$ = "S" THEN GOSUB 5900 
IF Gl:t == "A" THEN GOSUB 5800 
X1 = Xl + X3 
Yi= Yl + Y3 
NEXT I 
X1 = Xl / (KC2) - f<(l) + 1) 
Y 1 = Y 1 / ( f,:: C 2 ) - K C 1 ) + 1 ) 
PR I NT : F'f;: I NT "MEAN " ; I NT ( X 1 ) ./ 1000 , , I NT ( Y l ) / 1 000 
X2 = O:Y2 == 0 
FOR I - K(l) TO K(2) 
'IF Q$ = 11 s II THEN GO SUB 5900 
,,; IF Q:t = "A" THEN GO SUB 5800 
X2 = X2 + (X3 Xl) A 2 
Y2 = Y2 + (Y3 - Yi) A 2 
NEXT I 
X2 = SQR (X2 / 0<<2) - KCU + 1 )) 
Y2 = SQR CY2 / (K(2) - K(l ) + 1)) 




Z == PEEK C - 16384) 
POKE - 16368,0 
IF Z > 127 THEN X = PEEK C - 16336 ) 
HCOLOR= 0 
HPLOT I '0 TO 
HCDLOR= 7 
HF'LOT J,O TO 
HPLOT I , X ( I 
HF'LOT I , Y < I 






IF Q:t == "A" THEN F'R INT II 
IF Q$ :: "S" THEN F·J:;:INT II 
VTAB 22 
IF. Q:t - "A" 









~} II H 
' ' 
(' , -- ' 'i . .:;. } I 1000 
dB" 
\i 11 
...,...,50 VIAH :.::::.::: 
5553 IF Q:t == "A" THEN PRINT 11 
5~555 IF Q$ :-.: 11 S 11 THEN PRINT 11 
5558 VTAB 22 
5560 IF Q$ - 11 A II THEN GOSIJB 5800 




5565 PRINT INT (X3) / 1000, INT (Y3) / 1000 




X3 = 20000 * LOG ( 1 ( X ( I 
c;.- ' 10) I 149) I J} 5800 LOG C10) 
Y3 = 20000 * LOG ( 1 - < y < I -
,:;-, - 10) I 150) I J} 5810 LOG (10) 
5820 RETURN 
5900 Z = PEEK C - 27236) / ~ 
5910 X3 = ABS ( INT C(Z - INT CZ)) * 10) - 1) * 10 A ( INT CZ) - 6) * 
C127 - XCI - 5)) / 32 
5920 Z = PEEK ( - 27164 ) / 3 
5930 Y3 = ABS C INT CCZ - INT CZ) l * 10 ) 
(127 - YCI - 5)) / 32 
5950 HETURN 
6000 END 
8800 PR I NT CHR$ ( 4 l II OPEN STOF.:SET 11 
8810 Pf;: I NT CHR:t C 4) "l.Jf;: I TE STORSET 11 
8820 PRINT Cl: PRINT C2: PRINT Pl: PRINT 











9030 .... POKE 
- 28707: REM ERASE 
- 16304,0: REM GR'S 
- 16301,0: REM MIXED 
- 16297,0: REM HGR'S 
9040 POKE - 16300,0: REM PAGE1 
9050 HPLOT 260,10 TO 260,159 
9060 HPLOT 0,10 TO 4,10 TO 4,159 TO 0,159 
9070 VTAB 22 








FOR I= 0 TO 255 
IF XCI) > 159 THEN 9160 
IF XCI) < 0 THEN 9160 
HPLOT I+ 5,X(I) 
IF Y CI> > 159 THEN 91 90 
IF YCil < 0 THEN 9190 









1 ) * 10 .-·-. I NT CZ> - 6) * 
PRINT P3: PRINT P4: PRINT 
APPENDIX C 
General photographs 
The in i t i al measuring system compr1sir1g- ffi~ quad - tone 
burst generator, 5 transmit/receive transducers , a 
s t o r a g e and a standard oscilloscope and a computer. 
The final class i f i cati o n s y stem. 
---.• -::----"1 
• ..... 
The 5 transducers used initially c top) , and the single 
transducer mounted in an al umi ni um plate . Note the 
tarnishing presumed to be a chemical effect caused by 
the resin or chemicals cyanide ) added t o the s l urry. 
Resin particles and slurr y p o wd er u s e d e xpe ri me n t ally. 
APPENDIX D 
Data sheets 




300 MHz LOW NOISE AMPLIFIER 
This monol ithic integrated circu it contains three very 
high performance transisrnrs and assoc iated biasing 
components in an eight-lead T0 -5 package forming a 
300 MHz low noise ampl ifier. The configuration employ-
ed permits maximum f lexibility w ith minimum use of 
external components. The SL 560C is a general-purpose 
low noise, high frequency gain block. 
FEATURES 
( Non -simultaneous) 





II: Noise Figure Less Than 2 dB (Rs 200ohm) 
1:1 Bandwidth 300 MHz 
°"'~ CV•llf11111,{1 J I - J' COO-.,..,._. [00-+c;uu.:JO,, ... o.·--·'"""''-
o-,l"'\11 J '--~,~t-,f•C'CM'~ 
Ill Supply Voltage 2-15V (Depending on 
Configuration) 
IS Low Power Consumption 
APPLICATIONS 
la Radar IF Preamplifiers 
a Infra-Red Systems Head Amplifiers 
l!l Amplifiers in Noise Measurement Systems 
I! Low Power Wideband Amplifiers 
rl ; lnstrumentation Preamplifiers 
D 50 ohm Line Drivers 
22 Wideband Power Amplifiers 
Ii Wide Dynamic Range RF Amplifiers 
"t( • \ "'" '"'W:' 
Fig. 2 Sl560C cucuit d1l9r~m 
Fig. 1 Pin conn1ction1 (vi~w~d from b1nulh) 
, • • ,- ... - ~, .,.. S,.;' =..,.. ,,,.._ . ..., , .., f.J 
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